Marine fouling organisms have caused inconvenience to humans for a long time owing to their high vitality and great destructiveness. Self-polishing antifouling coatings are considered to be among the most effective antifouling technologies. In this study, zinc-based acrylate copolymers (ZnPs) were designed and synthesized using a bifunctional zinc acrylate monomer (ZnM) as a new self-polishing monomer, and three acrylate monomers (namely, methyl methacrylate, ethyl acrylate and 2-methoxyethyl acrylate)
Introduction
In marine environments, nearly all underwater equipment and structures submerged in seawater are prone to being covered by a complex community that consists of an organic conditioning lm, microorganisms, plants, and animals. [1] [2] [3] This process, which is known as marine biofouling, is one of the most severe problems affecting shipping because it increases the frictional resistance of the hull and can lead to a loss of speed and efficiency. 4 Therefore, ships require additional fuel and engine power, which results in increased emissions of acidic gases (SO x and NO x ) and greenhouse gases (i.e., CO 2 ). [5] [6] [7] Furthermore, some biological deposits can drastically modify the corrosion behaviour of structural metals and alloys and promote localized alterations of the vessel bottom, which can facilitate structural failures. Therefore, this could increase the risk of accidents and the costs of ownership. 8, 9 For these reasons, the development of antifouling coatings is crucial for preventing the attachment of these undesirable organisms.
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Self-polishing antifouling coatings that contain a hydrolyzable resin, antifouling agents, and other additives have been used as highly effective antifouling coatings and are preferred in modern antifouling techniques. [12] [13] [14] Owing to environmental protection requirements, tin-free self-polishing antifouling coatings, which contain copper-or zinc-based acrylate copolymers, were developed as alternative antifouling coatings. They achieved the same performance as organic tin-based antifouling coatings without a signicant increase in cost. 12, [15] [16] [17] With self-polishing coatings, the removal of the outer surface of the coating enables the mechanical cleaning of ship hulls and reduces their roughness. The prevention of fouling primarily relies on the release of active or biocidal ingredients that are contained in the paint formulation, and this release is closely related to the erosion rate of the paint sample. To ensure long-lasting antifouling performance, the efficient release of biocides must be prolonged as much as possible by controlling the erosion rates of antifouling coatings in accordance with the sailing conditions of the ship. Self-polishing copolymers facilitate the continuous renewal of the surface and the release of antifoulants via a hydrolysis reaction or an ion exchange reaction with seawater. In previous studies, a series of ZnPs were determined to be suitable for marine antifouling applications. 18, 19 The inuence of the resin composition such as the molecular weight, content of ZnM and hydrophilicity of the comonomers was investigated, and a mechanism of biocide release and antifouling performance was proposed. 20, 21 In addition, the distribution of hydrolysable monomers within the polymer chains appears to affect leaching-out patterns in seawater. Commercial self-polishing resins containing zinc methacrylate monomer have been employed as a good matrix for self-polishing coatings. However, the higher glass transition temperature of these resins tended to restrict the uidity of the resin, which negatively affected the storability and decreased the stability of the self-polishing resin.
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Paints based on these resins became less exible as the zinc acrylate content increased. Therefore, their physical properties need to be improved. Although the polishing rate of paints is substantially affected by the leaching out of polymers, the composition and structure of ZnPs must be optimized.
Therefore, the control of the leaching out of polymers by varying the hydrolysis properties and paint formulation is required to ensure long-lasting antifouling performance. In this study, ZnPs were designed and synthesized using a bifunctional zinc acrylate monomer (ZnM) as a new self-polishing monomer. Three acrylate monomers, namely, methyl methacrylate (MMA), 2-methoxyethyl acrylate (2MEA) and ethyl acrylate (EA), were chosen to impart suitable properties to the copolymer resin for use as a surface coating. The molar ratio of zinc acrylate monomer to the comonomers that participated in the hydrolysis of the self-polishing coating was varied, and the structure and molecular weight of the polymer were investigated. Then, the erosion performance was investigated by dynamic immersion in simulated seawater. The antifouling performance was examined by a ra test. The relationship between the chemical structure of the corresponding polymers and their erosion resistance was also studied. Field experiments were performed to assess their efficiency in inhibiting the settlement of macrofoulers such as algae, mussels, hydroids and barnacles in situ. The antifouling performance of the coppertype coatings was investigated at two immersion sites with variations in fouling pressure (i.e., the South China Sea in the subtropical zone and the Yellow Sea in the middle temperate zone).
Experimental

Materials
Acrylic acid (AA, AR), methacrylic acid (MAA, AR), ethyl acrylate (EA, AR), methyl methacrylate (MMA, AR), zinc oxide (ZnO, AR), propylene glycol methyl ether (PGM, AR) and xylene (AR) were all purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd., China. 
Antifouling paint formulation
The prepared polymers were premixed with cuprous oxide (Cu 2 O, 98%, Shandong Heze Chenxu Chemical Co., Ltd.) and copper pyrithione (CuPT, 97%, Yixing Liaoyuan Chemical Co., Ltd.). These were the main biocides in the formulation, together with other ingredients, as shown in Table 2 . These ingredients were processed in a paint conditioner for approximately 30 minutes. Then, the paints were ltered through a sier (60 mm).
Characterization
FTIR.
The Fourier transform infrared (FTIR) spectra of polymer lms cast from solutions onto potassium bromide plates were recorded using a PerkinElmer Spectrum 100 spectrometer.
GPC.
Gel permeation chromatography (GPC) was carried out using a Waters 1515 apparatus (with THF as the eluent at a ow rate of 0.4 mL min À1 at 35 C). The instrument was calibrated using polystyrene (PS) standards.
1 H NMR spectroscopy.
1 H NMR spectra (600 MHz) were recorded with a Bruker AVANCE instrument using CDCl 3 as the solvent at room temperature.
SEM.
A scanning electron microscopy (SEM) study was performed to obtain cross-sectional micrographs using a JEOL JSM-6480A microscope equipped with a spectrometer for energy-dispersive X-ray spectroscopy (EDS).
Tests of erosion and antifouling properties 2.5.1 Rotor test.
A rotor test was conducted on the selfpolishing coatings to study their polishing effect using a homemade device. Coating solutions were prepared by mixing the synthesized ZnPs, 50% rosin solution, Cu 2 O, CuPT, and pigments. The formulation of the self-polishing paint based on the ZnPs is given in Table 2 . The sample abbreviations AF-ZnP-1 to AF-ZnP-6 refer to antifouling coatings that were prepared with the ZnP-1 to ZnP-6 resins, respectively. A paint could not be successfully prepared with ZnP-4, which had a high content of bifunctional ZnM, owing to its high viscosity. These samples were coated on tin plates and dried at room temperature for at least a week. Then, the specimens were attached to the inside of a bucket with a rotor to simulate dynamic ushing in articial seawater at a rotation speed of 550 rpm. 23 Then, the samples were retrieved and dried before the coating thickness was measured using a thickness gauge. The lm thickness was measured at a xed time, and each sample was measured at nine points to calculate the average lm thickness. Then, the specimens were re-immersed in seawater to determine their long-term erosion over the entire test duration.
2.5.2 Ra test. The panels used for the ra test consisted of steel plates, and these panels were sandblasted and coated with an epoxy anti-corrosion paint and a tie coat prior to being coated with the ZnP-based antifouling paints. Each panel (300 mm Â 150 mm Â 3 mm) was coated with two paint formulations, and the test area used for each coating had dimensions of 150 Â 150 mm. The coated panels were dried completely at room temperature and lowered into seawater at a depth of 0.2-2.0 m at two sites (Zhanjiang, Guangdong Province and Qingdao, Shandong Province). Aer a certain period of time, these panels were removed from the sea, carefully washed with seawater and photographed. Then, the panels were immediately placed back into the sea to continue the test according to the China Standard (GB/T 5370-2007). 
Results and discussion
Chemical compositions of the zinc acrylate copolymers
In the current study, the ZnPs were synthesized using a two-step method, as shown in Fig. 1 . The bifunctional ZnM was rst synthesized and then copolymerized with MMA and other comonomers. As shown in Table 1 , the molecular composition of the zinc-based random copolymers contained various ratios of the zinc acrylate monomer to the acrylate comonomers. The M n values of the ZnPs (ZnP-1 to ZnP-3, ZnP-5 and ZnP-6) were 2300-2400 g mol À1 , which were satisfactorily similar, because a difference in molecular weight can affect the erosion rates of self-polishing coatings. The chemical structures of the ZnM and ZnPs were analysed by FT-IR spectroscopy. As shown in Fig. 2 , the peak observed at 1630-1640 cm À1 was due to the stretching vibrations of C]C bonds in the bifunctional ZnM. The intensity of the peaks due to C]C bonds in the copolymers decreased signicantly in comparison with that for the monomer. In addition, a peak at 1730 cm À1 , which corresponded to the carbonyl groups of the ester linkages in the ZnP chains, was observed. All the synthesized ZnPs exhibited prominent absorption peaks at 1605 cm À1 , which were due to the asymmetric stretching vibrations of zinc carboxylate groups, and the peaks located at 2900-3000 cm
À1
were due to asymmetric and symmetric C-H stretching vibrations.
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1 H NMR spectroscopy was employed to conrm the successful synthesis of the ZnPs. The peaks at 5.5 to 6.5 ppm and 1.92 ppm were assigned to vinyl groups and hydrogen atoms on the methyl groups of ZnM, respectively ( Fig. 1S(a) †) .
Characteristic peaks corresponding to a double-bond structure at 5.5-6.5 ppm were not observed. However, a peak was observed at 1.6-2.4 ppm for the methylene groups of the polymer (Fig. 1S(b) †) . Therefore, the ZnPs were successfully synthesized.
To demonstrate the effect of the synthesized ZnPs on the stability of the paints, the viscosities of the zinc-based coatings are shown in Fig. 3 . The viscosities of all the coatings remained at approximately 70 KU for ve consecutive months and did not change signicantly. This result indicated that the ZnPs did not gel under the inuence of the components in the coating, and the prepared coating had high storage stability and good construction properties.
Erosion prole of the ZnP-based self-polishing coatings
To investigate the effect of the monomer composition of the ZnPs on their self-polishing behaviour, the average lm thickness of the prepared coatings was determined during the entire duration of the rotor test. In theory, ideal losses of thickness should be observed across the entire surface of each coating for the hydrolysis of copolymers. Fig. 4 shows the lm thickness (a) and relative loss of coating thickness (b) for AF-ZnP-1, AF-ZnP-2, AF-ZnP-3, AF-ZnP-5 and AF-ZnP-6 under the tested immersion conditions. During the rst 49 days, all the coatings were only immersed in articial seawater without dynamic scouring, and the thicknesses of the AF-ZnP-1 and AF-ZnP-2 coatings increased slightly. However, the thickness of the other coatings decreased. During the subsequent erosion test cycles, the thickness of all the coatings increased and then decreased slowly under continuous ushing with seawater. The erosion rate increased as the ZnM content in the ZnP increased, as shown in Fig. 4(b) . The coating thickness of AF-ZnP-3, AF-ZnP-5 and AF-ZnP-6, which had ZnM contents of 20 wt%, exhibited greater decreases than those of AF-ZnP-1 and AF-ZnP-2, which had ZnM contents of approximately 10 wt% and 15 wt%, respectively, in the copolymers.
In general, the synthesized ZnPs used for self-polishing coating applications were hydrophobic, which could prevent seawater from penetrating into the paint lm. The zinc carboxylate linkage was hydrolytically unstable under slightly alkaline conditions, and its hydrolysis had the result that the ZnPs became to hydrophilic. 12 The hydrolyzed copolymers could be easily eroded by moving seawater, which led to a decrease in lm thickness. However, in comparison with a previous study, 18 the results indicated that the coating was not polished directly and its thickness decreased linearly and slowly with uctua-tions, as expected (Fig. 4) . Therefore, the erosion process of the self-polishing coatings was related to both the matrix resin used for solubilization and the formulation of the paint. In this study, a rosin resin was used either as the main controlledrelease resin in the tin-free coatings or to adjust the intrinsic hydrophilicity of the zinc acrylate antifouling systems. 24 The addition of the hydrophilic rosin resin allowed seawater to penetrate into the paint lm and induced swelling of the lm, which nally resulted in an increase in the coating thickness. This result indicated that the chain structure and dynamics of the hydrolysable copolymers were greatly affected as water diffused. In addition, the types of pigment and biocide used, as well as mechanical defects due to cracks, may have contributed to the erosion rate of the coatings.
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Further investigation of the ZnPs was performed using microscopy to determine the depletion prole for the coating thickness. Fig. 5 shows a polarizing optical microscopy image (a) and an SEM image (b) of a cross-section of the self-polishing antifouling coating AF-ZnP-5. Aer immersion, the paint surface was smooth and the cross-section displayed an ambiguous leached layer with two fronts (i.e., a polymer front and a pigment front). The hydrophilic resin and soluble pigments on the surface of the coating dissolved in seawater to leave resin that could not be quickly eroded, which resulted in the appearance of the polymer front. This result indicated that the antifouling coating based on the cross-linked ionomer dissolved smoothly and the ZnP had a very thin hydrolysis layer, which will result in continuous and effective biocide release rates over time and enhance the antifouling performance.
Ra test in natural seawater
To further investigate their antifouling activity, candidate zincbased coatings containing co-biocides were subjected to a conventional ra immersion test. Visual observations were used to assess the antifouling performance in terms of the adhesion of biomass, including slime, as well as hard and so fouling organisms. The pressure of fouling varies greatly according to latitude and longitude, as well as environmental conditions, and immersion tests were therefore performed at two natural sites (i.e., in a subtropical area (the South China Sea) and a temperate area (the Yellow Sea)) (Fig. 2S †) . The former immersion site experiences minimal variations in water temperature and light levels, which results in the increased development of encrusting organisms and other macrofoulers.
The second immersion site undergoes less fouling development in winter owing to the reduction in daylight hours and seawater temperature, with a main spawning season that extends from spring to late summer. Biolm, algae and encrusting animals, including bryozoans and tubeworms, are commonly found at both sites.
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The activity spectrum of the ZnP-based coatings depends on the biodiversity and fouling pressure. Fig. 6 shows photographic images of coated panels that were immersed in the South China Sea for 9 months. The obverse and reverse sides correspond to the sunlit and dark sides, respectively. The blank panel coated with the epoxy tie coat was nearly completely covered by all types of fouling organisms aer a eld exposure period of 2 months in the South China Sea. Encrusting species (specically, barnacles) had settled on 100% of the coated surface ( Fig. 3S(a) †) . When the immersion time in the subtropical area was increased, other macrofouling organisms appeared on this panel, including hydrozoans, bryozoans and so on, which indicated that severe fouling was present in Zhanjiang. In comparison with the blank panel, the antifouling effect of the ZnP-based antifouling coatings was visible. Aer a eld exposure period of 4 months, several plant species and a small number of barnacles settled on most of the coatings, except AF-ZnP-6, which was prepared with ZnP-6. Reference-1, which was a commercial copper-free coating, was nearly completely covered by all types of fouling organisms aer immersion for 4 months. Some macrofoulers had fallen off to leave barnacles settled on the coatings aer immersion for 6 months. Interestingly, fewer macrofoulers (specically, barnacles) remained on all the coating surfaces but were mainly replaced by a certain amount of slime aer immersion for 9 months in the subtropical area. In general, with the dynamic scouring by seawater, an ion exchange reaction occurred with the ZnP, which led to the erosion of the zinc-based coatings and the gradual release of the antifouling biocides, which conrmed their antifouling performance. However, the growth rate of marine biofoulers varied according to the season, and the breeding period increased the development of encrusting organisms and other macrofoulers in the summer (from April to July). During this period, the polishing rate and biocide release rate could not signicantly prevent the adhesion and growth of biofouling. However, the coatings exhibited more benecial In addition, few fouling organisms settled on the reverse sides in comparison to the obverse sides, as shown in Fig. 6 , which demonstrated that the sun played an important role in the species and growth rate of foulers. During a eld exposure period of 2-4 months in the South China Sea, most of the tested coatings exhibited a thin cover of fouling, which was dominated by slime lms and a small number of juvenile barnacles. Aer immersion for 9 months, macrofouling was considerably reduced on the ZnP-based self-polishing coatings, but only a small reduction occurred in the covering of slime. In general, the copper-type self-polishing antifouling coatings (i.e., AF-ZnP-3, AF-ZnP-5 and AF-ZnP-6), which had ZnM contents of 20 wt%, exhibited better antifouling performance. Therefore, the erosion rate of the ZnP-based coatings was stable, and the coatings prevented the adhesion of different fouling organisms during the biological growth season. Fig. 7 shows photographic images of self-polishing antifouling coatings based on different ZnPs immersed in the Yellow Sea (Qingdao). The test panels were not rinsed with seawater during the cycle. An assessment of the antifouling performance was carried out in the Yellow Sea for 15 months. When the panels were immersed for 3 months, the entire AF-ZnP-1 sample and half the AF-ZnP-2 and 3 samples were above the sea surface and became grey-white owing to the decline in sea level in autumn (Fig. 4S †) . During a eld exposure period of 6 months in the Yellow Sea only the blank panels displayed very little sediment, and aer immersion for 9 to 12 months no adherent macrofoulers were observed on the zinc-based candidate coatings. All the coatings exhibited slime and sediment on their surfaces, which were easily removed by wiping, even during the biological growth season. Aer immersion for 15 months, the panel surfaces with the AF-ZnP-1 and AF-ZnP-2 coatings were still covered with sediment, whereas the amount of sludge on the ZnPs with ZnM contents of 20 wt% (AF-ZnP-3, AF-ZnP-5 and AF-ZnP-6) decreased. In comparison with the candidate coatings, the uncoated blank panel was covered by slime and a small number of barnacles.
Nevertheless, all the biocidal coatings in both Zhanjiang and Qingdao were active against the settlement of cyprid larvae and algae owing to their smooth polished surface and toxicity in comparison to the blank panels. The ZnPs with a higher ZnM content exhibited better performance owing to their high erosion rate. In addition, the combination of Cu 2 O and CuPT exhibited high efficiency against the settlement of algae and the growth of other macrofoulers on the coatings. 26 Furthermore, the removal of macroorganisms and slime was observed aer disturbance by natural seawater in situ on the ra. This result suggested that the erosion of the coatings played two complementary roles on exposure to seawater. Therefore, the results from the eld experiments indicated that the coatings with the best performance aer immersion for at least 15 months in the Yellow Sea were ZnP-based coatings with ZnM contents of 20 wt%. These ZnP-based coatings exhibited antifouling activities similar to that of a well-known commercial copper-type coating with 5 year antifouling performance (reference-2). It is important to note that the antifouling performance of the selfpolishing coatings was investigated under static conditions. In fact, the coatings are expected to exhibit better performance with the help of shear forces under dynamic conditions. Therefore, the marine eld tests demonstrated that the antifouling coatings that were developed have great potential for use in maritime applications.
Coating structure and antifouling mechanism
The results of a previous study indicated that there was a complex relationship between the hydrolysis of the polymer, polishing rate, thickness of the leached layer and antifouling Fig. 6 Images of non-rinsed coated panels that were immersed for 9 months in the South China Sea (Zhanjiang). Reference-1 was a commercial copper-free coating, which was immersed for 6 months. Fig. 7 Images of non-rinsed coated panels immersed for 15 months in the Yellow Sea (Qingdao).
performance.
27 Fig. 8 shows a schematic illustration of the erosion of the ZnP-based self-polishing antifouling coatings in seawater. Near the interface with seawater, the region appears to be spongy, which corresponds to the hydrated zone caused by the hydrolysis of zinc ester linkages. In moving seawater, this outer layer dissolved into pigment particles and could be easily removed (self-polishing effect). For the self-polishing antifouling coating system, the thickness of the outer layer was heavily inuenced by the rate of hydrolysis of the binder, which was important for the overall performance. The specic synthesis of the ZnPs, which differed from that of ordinary acrylic resin, consisted of the formation of a cross-linked ionomer function, as described below. This cross-linked ionomer underwent cleavage of two zinc carboxylate groups from pendant groups on the copolymer backbone, which resulted in the slow and steady erosion of the surface in seawater. This hydrolysis reaction took place throughout the leached layer. Therefore, the thickness of the leached layer reached a steady value. The inner portion remained compact and dense, and degradation did not occur. In the inner portion, biocide molecules did not diffuse because they were in contact with water.
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In addition, a rosin resin was used in the antifouling coatings to adjust the intrinsic hydrophobicity and erosion resistance of the coatings to achieve the desired polishing rate. 5, 28 Hydrophilic swelling behaviour increased the movement of the copolymer chains and led to an erosion mechanism that was inhomogeneous across the overall coated surface. In the same way, the water-soluble pigment and biocide components enhanced the permeation of water in the lm, which increased the effective contact area of the ZnPs and ller that reacted with seawater. 21 In this system, the ZnPs simply adjusted the erosion rate of the coatings and did not act as a contact biocide, in contrast to TBTbased coatings. The zinc diacrylate (dimethacrylate) copolymer reacted with sea water, and its subsequent release was a means of controlling the length of the diffusion path of the active substances out of the paint. The continuous release of antifoulants (Cu 2 O and CuPT) directly controlled the settlement and growth of fouling organisms. The cooperative effect of the removal of fouling by polishing and the repulsion of organisms via biocidal activity would result in good antifouling performance and ensure that the paint has a long lifetime.
Conclusions
This study focused on the screening and development of optimized ZnPs as binders for copper-type antifouling coatings. The results of erosion tests performed under dynamic conditions demonstrated the control of the polishing process by coatings based on the copolymers and binders. Field tests further indicated that ZnP-based coatings containing Cu 2 O and CuPT as cobiocides are promising candidates for inhibiting the settlement of macroorganisms aer immersion for at least 15 months in the Yellow Sea and at least 9 months in the subtropical area. The results of this study highlight that the ZnP-based coatings are highly promising candidates for marine antifouling applications.
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